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�¡Ñ¥¤¨´e´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‹ ¡µ· Éµ·¨Ö É¥µ·¥É¨Î¥¸±µ° Ë¨§¨±¨ ¨³. �. �. �µ£µ²Õ¡µ¢ 

�¡¸Ê¦¤ ¥É¸Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥¥¥ ¸¶ ·¨¢ ´¨¥, µ¡Ê¸²µ¢²¥´´µ¥  ´É¨Ë¥··µ³ £´¨É´Ò³ µ¡³¥´-
´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ Ô²¥±É·µ´µ¢ (¤Ò·µ±) ¢ · ³± Ì ¤¢ÊÌ§µ´´µ° p-d-³µ¤¥²¨ • ¡¡ ·¤ . �µ²ÓÏ Ö
¢¥²¨Î¨´  Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¶·¨  ´É¨Ë¥··µ³ £´¨É´µ³ µ¡³¥´¥ Î ¸É¨Í ¨§ · §´ÒÌ Ì ¡¡ ·¤µ¢-
¸±¨Ì ¶µ¤§µ´ ¶µ¤ ¢²Ö¥É ÔËË¥±ÉÒ § ¶ §¤Ò¢ ´¨Ö, ÎÉµ ¶·¨¢µ¤¨É ± ¸¶ ·¨¢ ´¨Õ ¢¸¥Ì Î ¸É¨Í ¢ §µ´¥
¶·µ¢µ¤¨³µ¸É¨ ¸ ¢Ò¸µ±µ° É¥³¶¥· ÉÊ·µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨.

A superconducting pairing mediated by antiferromagnetic exchange of electrons (holes) is consid-
ered within the two-band p-d Hubbard model. Large excitation energy at antiferromagnetic exchange
of particles from different Hubbard subbands suppresses retardation effects that result in the pairing
of all the particles in the conduction band with high superconducting temperature.

�É²¨Î¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´ÒÌ ³¥¤´µ-µ±¸¨¤´ÒÌ (±Ê-
¶· É´ÒÌ) ¸¢¥·Ì¶·µ¢µ¤´¨±µ¢ Ö¢²Ö¥É¸Ö ¸¨²Ó´µ¥  ´É¨Ë¥··µ³ £´¨É´µ¥ (�”Œ)
µ¡³¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ (¸³., ´ ¶·¨³¥·, [1]). �¡³¥´´ Ö Ô´¥·£¨Ö ¸¢Ö§¨ ¤¢ÊÌ
¤Ò·µ± ¸µ ¸¶¨´µ³ 1/2 ´  ¨µ´ Ì ³¥¤¨ Cu(3d9) ¨ ±¨¸²µ·µ¤  O(2p5) ¸µ¸É ¢²Ö¥É
¢¥²¨Î¨´Ê ¶µ·Ö¤±  1 Ô‚,   ±µ¸¢¥´´µ¥ (Î¥·¥§ ¨µ´Ò ±¨¸²µ·µ¤ ) �”Œ-µ¡³¥´´µ¥
¢§ ¨³µ¤¥°¸É¢¨e ¤²Ö ¸¶¨´µ¢ ¤Ò·µ± ´  ¨µ´ Ì ³¥¤¨ Å ¶µ·Ö¤±  0,13 Ô‚. …¸²¨
¡Ò ±Ê¶· ÉÒ ¨³¥²¨ É·¥Ì³¥·´ÊÕ ¸¥É±Ê ¸¢Ö§¥° ¤²Ö ¸¶¨´µ¢ ³¥¤¨, Éµ �”Œ-É¥³-
¶¥· ÉÊ·  �¥¥²Ö ¢ ´¨Ì ³µ£²  ¡Ò ¤µ¸É¨£ ÉÓ ·¥±µ·¤´µ£µ §´ Î¥´¨Ö TN � 1500 K.
‚¢¨¤Ê ¦¥ ¤¢Ê³¥·´µ£µ Ì · ±É¥·  ¸¶¨´µ¢µ° ·¥Ï¥É±¨ ¢ ¶²µ¸±µ¸É¨ CuO2 É¥³¶¥-
· ÉÊ·  �¥¥²Ö µ± §Ò¢ ¥É¸Ö ³´µ£µ ³¥´ÓÏ¥: TN � 300−400 K. „²Ö ¸· ¢´¥´¨Ö
µÉ³¥É¨³, ÎÉµ ³ ±¸¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·  �¥¥²Ö TN = 1040 K ´ ¡²Õ¤ ¥É¸Ö ¢
¸Ê²ÓË¨¤¥ ¢ ´ ¤¨Ö (VS).

‚¶¥·¢Ò¥ ´  µ¸µ¡ÊÕ ·µ²Ó �”Œ-µ¡³¥´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±Ê¶· É Ì
µ¡· É¨² ¢´¨³ ´¨¥ �´¤¥·¸µ´ [2], ±µÉµ·Ò° ¶·¥¤²µ¦¨² É¥µ·¨Õ ·¥§µ´¨·ÊÕÐ¨Ì
¢ ²¥´É´ÒÌ ¸¢Ö§¥° ¢ · ³± Ì µ¤´µ§µ´´µ° t-J-³µ¤¥²¨. �¤´ ±µ ¨¸¶µ²Ó§µ¢ ´¨¥
¶·¨¡²¨¦¥´¨Ö ¸·¥¤´¥£µ ¶µ²Ö (�‘�) ¢ · ³± Ì É¥µ·¨¨ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¡µ-
§µ´µ¢ ¢ [2], ± ± ¨ ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ¸¶¨´µ´-Ìµ²µ´´µ° É¥µ·¨¨ ´¥ ¤ ²µ
Ê¡¥¤¨É¥²Ó´ÒÌ ¤µ± § É¥²Ó¸É¢ ¢ ¶µ²Ó§Ê �”Œ-µ¡³¥´  ± ± ³¥Ì ´¨§³  ¢Ò¸µ±µ-
É¥³¶¥· ÉÊ·´µ° ¸¢¥·Ì¶·µ¢µ¤¨³µ¸É¨ (¸³. [3]). ‚¶µ¸²¥¤¸É¢¨¨ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥¥
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¸¶ ·¨¢ ´¨¥, µ¡Ê¸²µ¢²¥´´µ¥ �”Œ-µ¡³¥´µ³ ¢ · ³± Ì t-J-³µ¤¥²¨, · ¸¸³ É·¨-
¢ ²µ¸Ó ¢ ·Ö¤¥ · ¡µÉ (¸³. [4, 5] ¨ Í¨É¨·µ¢ ´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). ‚ ´ ¸ÉµÖÐ¥°
· ¡µÉ¥ ³Ò · ¸¸³µÉ·¨³ ¡µ²¥¥ µ¡ÐÊÕ ¤¢ÊÌ§µ´´ÊÕ p-d-³µ¤¥²Ó ¨ ¶µ± ¦¥³, ÎÉµ,
¤¥°¸É¢¨É¥²Ó´µ, ¸¶ ·¨¢ ´¨¥ ¶µ¸·¥¤¸É¢µ³ �”Œ-µ¡³¥´  ¨³¥¥É ·Ö¤ µ¸µ¡¥´´µ-
¸É¥°, ±µÉµ·Ò¥ ¶·¨¢µ¤ÖÉ ± d-¢µ²´µ¢µ³Ê ¸¶ ·¨¢ ´¨Õ ¸ ¢Ò¸µ±µ° Tc ¶·¨ ³ ²µ°
ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¥£µ ± ¶·¨³¥¸Ö³, ´¥ · §·ÊÏ ÕÐ¨³ �”Œ-±µ··¥²ÖÍ¨°.

‘¨²Ó´µ¥ �”Œ-µ¡³¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±Ê¶· É Ì µ¡Ê¸²µ¢²¥´µ ¤¢Ê³Ö
Ë ±Éµ· ³¨: ¡µ²ÓÏµ° ¢¥²¨Î¨´µ° pdσ-£¨¡·¨¤¨§ Í¨¨, tpd � 1,5 Ô‚, ¤²Ö
3d-¸µ¸ÉµÖ´¨° ³¥¤¨ ¨ 2p-¸µ¸ÉµÖ´¨° ±¨¸²µ·µ¤  ¨ ´¥¡µ²ÓÏµ° Ô´¥·£¨¥° · ¸-
Ð¥¶²¥´¨Ö ¨Ì  Éµ³´ÒÌ Ê·µ¢´¥°, ∆pd � 3 Ô‚. ‚ Éµ ¦¥ ¢·¥³Ö ¸¨²Ó´Ò¥ ±Ê²µ-
´µ¢¸±¨¥ ±µ··¥²ÖÍ¨¨ ¤²Ö 3d-¸µ¸ÉµÖ´¨° ³¥¤¨, Ud � 8 Ô‚, §´ Î¨É¥²Ó´µ Ê¢¥²¨-
Î¨¢ ÕÉ Ô´¥·£¨Õ ¤¢Êx¤Ò·µÎ´ÒÌ 3d-¸µ¸ÉµÖ´¨°, §  ¸Î¥É Î¥£µ ¢µ§´¨± ¥É ¤¨Ô²¥±-
É·¨Î¥¸± Ö Ë §  ¢ ´¥²e£¨·µ¢ ´´ÒÌ ±Ê¶· É Ì,   ³¥É ²²¨Î¥¸± Ö Ë §  ¶µÖ¢²Ö¥É¸Ö
¶·¨ ²¥£¨·µ¢ ´¨¨ ¸¨´£²¥É´µ° p-d ¤Ò·µÎ´µ° §µ´Ò, ²¥¦ Ð¥° ´¨¦¥ É·¨¶²¥É´µ°
§µ´Ò. �É¨ µ¸µ¡¥´´µ¸É¨ Ô²¥±É·µ´´µ£µ ¸¶¥±É·  ¤Ò·µ± ¢ ¶²µ¸±µ¸É¨ CuO2 Å
µ¸´µ¢´µ£µ ¸É·Ê±ÉÊ·´µ£µ Ô²¥³¥´É  ±Ê¶· Éµ¢ ³µ¦´µ µ¶¨¸ ÉÓ ¢ · ³± Ì ¶·µ-
¸Éµ° p-d-³µ¤¥²¨ [6] ¤²Ö µ¤´µ¤Ò·µÎ´ÒÌ d- ¨ p-¸µ¸ÉµÖ´¨° ¸ · §´µ¸ÉÓÕ Ô´¥·£¨°
∆pd = εp − εd, ±Ê²µ´µ¢¸±µ° µ¤´µÊ§¥²Ó´µ° Ô´¥·£¨¥° (Ud � ∆pd) ´  Ê§² Ì
³¥¤¨ ¨ ¶ · ³¥É·µ³ £¨¡·¨¤¨§ Í¨¨ tpd. �µ¸±µ²Ó±Ê µ¤´µÊ§¥²Ó´ Ö £¨¡·¨¤¨§ Í¨Ö
¤µ¸É ÉµÎ´µ ¢¥²¨±  ¨ ³´µ£µ ¡µ²ÓÏ¥ ³¥¦Ê§¥²Ó´µ°, Vj=i = V0 � 2tpd � ∆pd �
|Vj=i±ax/y

� 0,14V0| , ´¥µ¡Ìµ¤¨³µ ¸´ Î ²  ¶·¨¢¥¸É¨ µ¤´µÊ§¥²Ó´ÊÕ Î ¸ÉÓ £ -
³¨²ÓÉµ´¨ ´  p-d-³µ¤¥²¨ ± ¤¨ £µ´ ²Ó´µ³Ê ¢¨¤Ê,   § É¥³ § ¶¨¸ ÉÓ ³¥¦Ê§¥²Ó-
´ÊÕ £¨¡·¨¤¨§ Í¨Õ Î¥·¥§ µ¶¥· Éµ·Ò ´µ¢ÒÌ (¶¥·¥´µ·³¨·µ¢ ´´ÒÌ) µ¤´µÊ§¥²Ó-
´ÒÌ ¸µ¸ÉµÖ´¨°. “Î¨ÉÒ¢ Ö ²¨ÏÓ ¤¢  ´¨§Ï¨Ì Ê·µ¢´Ö Ô´¥·£¨¨: µ¤´µ¤Ò·µÎ´µ¥
d-¸µ¸ÉµÖ´¨¥ ¸ ¶¥·¥´µ·³¨·µ¢ ´´µ° Ô´¥·£¨¥° ε̃d ¨ ¤¢Êx¤Ò·µÎ´µ¥ ¸¨´£²¥É´µ¥
d-p-¸µ¸ÉµÖ´¨¥, ³Ò ¶·¨Ìµ¤¨³ ± ¤¢ÊÌ§µ´´µ° ³µ¤¥²¨ • ¡¡ ·¤  [7]:

H = ε1
∑
i,σ

Xσσ
i + ε2

∑
i

X22
i +

+
∑

i�=j,σ

{
t11ij Xσ0

i X0σ
j + t22ij X2σ

i Xσ2
j + 2σt12ij (X2σ̄

i X0σ
j + h.c.)

}
. (1)

‡¤¥¸Ó ¢¢¥¤¥´Ò µ¶¥· Éµ·Ò • ¡¡ ·¤  Xnm
i = |in〉〈im|, µ¶¨¸Ò¢ ÕÐ¨¥ ¶¥·¥Ìµ¤Ò

³¥¦¤Ê µ¤´µ- ¨ ¤¢Ê±· É´µ § ¶µ²´¥´´Ò³¨ ¤Ò·µÎ´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ n, m = |0〉,
|σ〉, |2〉 = | ↑↓〉, σ = ±1/2, σ̄ = −σ ¸ Ô´¥·£¨¥° ε1 = ε̃d−µ ¨ ε2 = 2ε1+∆ ¸µµÉ-
¢¥É¸É¢¥´´µ, £¤¥ ∆ = ε̃p−ε̃d, µ Å Ì¨³¨Î¥¸±¨° ¶µÉ¥´Í¨ ². � · ³¥É·Ò tαβ

ij µ¶·¥-
¤¥²ÖÕÉ ÔËË¥±É¨¢´Ò¥ ¨´É¥£· ²Ò ¶¥·¥´µ¸  ³¥¦¤Ê Ê§² ³¨ ·¥Ï¥É±¨ (i �= j) ¤²Ö
µ¤´µ¤Ò·µÎ´µ° ¶µ¤§µ´Ò d-É¨¶ , α = 1, ¨ ¤¢Êx¤Ò·µÎ´µ° ¸¨´£²¥É´µ° ¶µ¤§µ´Ò
p-d-É¨¶ , α = 2, ¨ ¨Ì £¨¡·¨¤¨§ Í¨Õ. Š ± ¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ [7], ¨Ì §´ Î¥-
´¨Ö ´¥¢¥²¨±¨, É ± ÎÉµ ÔËË¥±É¨¢´ Ö Ï¨·¨´  ¶µ¤§µ´ W ¤²Ö ¤¢Ê³¥·´µ° ·¥Ï¥É±¨
µ± §Ò¢ ¥É¸Ö ³¥´ÓÏ¥ Ô´¥·£¨¨ ¨Ì · ¸Ð¥¶²¥´¨Ö W = 8teff � 2∆ ¨ £ ³¨²ÓÉµ-
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´¨ ´ (1) ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¥²Ê ¸¨²Ó´ÒÌ ±µ··¥²ÖÍ¨° ¢ ³µ¤¥²¨ • ¡¡ ·¤ . �·¨-
³¥´¥´¨¥ É¥Ì´¨±¨ µ¶¥· Éµ·µ¢ • ¡¡ ·¤ , Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì Ê¸²µ¢¨Ö³ ¶µ²´µÉÒ
X00

i +Xσσ
i +X σ̄σ̄

i +X22
i = 1 , ¶µ§¢µ²Ö¥É ¸É·µ£µ ÊÎ¥¸ÉÓ ±¨´¥³ É¨Î¥¸±µ¥ µ£· ´¨-

Î¥´¨¥ µÉ¸ÊÉ¸É¢¨Ö ¤¢Ê±· É´µ£µ § ¶µ²´¥´¨Ö ¸µ¸ÉµÖ´¨° ´  ²Õ¡µ³ Ê§²¥ ·¥Ï¥É±¨
i. ‚ ³¥Éµ¤¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¡µ§µ´µ¢ ÔÉ¨ µ£· ´¨Î¥´¨Ö µ¡ÒÎ´µ ÊÎ¨ÉÒ¢ ÕÉ¸Ö
¢ �‘�, ÎÉµ ¶·¨¢µ¤¨É ± ´¥±µ´É·µ²¨·Ê¥³µ³Ê ´ ·ÊÏ¥´¨Õ ¸É É¨¸É¨±¨ Î ¸É¨Í ¨
± ¶µÉ¥·¥ ±¨´¥³ É¨Î¥¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´¨³¨.

‚ ¶·¥¤¥²¥ ¸¨²Ó´ÒÌ ±µ··¥²ÖÍ¨° ³¥¦§µ´´ÊÕ £¨¡·¨¤¨§ Í¨Õ ³µ¦´µ ¨¸-
±²ÕÎ¨ÉÓ ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ¶µ ¶ · ³¥É·Ê t12ij ¨ ¸¢¥¸É¨ £ ³¨²ÓÉµ´¨ ´ (1) ±
ÔËË¥±É¨¢´µ° µ¤´µ§µ´´µ° t-J-³µ¤¥²¨ [8] ¸ µ¡³¥´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ Jij =
4(t12ij )2/∆. ‚ · ³± Ì ÔÉµ° ³µ¤¥²¨ ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö
´µ·³ ²Ó´µ° ¨  ´µ³ ²Ó´µ° ±µ³¶µ´¥´É µ¤´µÎ ¸É¨Î´µ° ËÊ´±Í¨¨ ƒ·¨´  ¢ �‘�
¨ ¢Ò¢¥¸É¨ Ê· ¢´¥´¨¥ ¤²Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨ φσ(q) ¢ ¸¨´£²¥É´µ° ¶µ¤-
§µ´¥ [4]:

φσ(q) =
1

Nχ2

∑
k

J(k − q)〈X2σ̄
−kX2σ

k 〉 =

=
1
N

∑
k

J(k − q)
φσ(k)
2E2(k)

tanh
E2(k)

2T
, (2)

£¤¥ ±¢ §¨Î ¸É¨Î´ Ö Ô´¥·£¨Ö E2(k) = [Ω2(k)2+ |φσ(k)|2]1/2 ¨ Ω2(k) Å ¸¶¥±É·
¢ ´µ·³ ²Ó´µ³ ¸µ¸ÉµÖ´¨¨. � · ³¥É· χ2 = 〈X22

i + Xσσ
i 〉 = n/2 µ¶·¥¤¥²Ö¥É ¢¥¸

¸¨´£²¥É´µ° §µ´Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ ±µ´Í¥´É· Í¨¨ ¤Ò·µ± n = 1 + δ.
‚ÒÌµ¤ §  · ³±¨ �‘� ¢ [5] ¶·¨ ÊÎ¥É¥ ¸µ¡¸É¢¥´´µ-Ô´¥·£¥É¨Î¥¸±¨Ì ¶µ¶· -

¢µ± ¢ ËÊ´±Í¨ÖÌ ƒ·¨´  ¶µ§¢µ²¨² ÊÎ¥¸ÉÓ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ¥ § ÉÊÌ ´¨¥ ±¢ -
§¨Î ¸É¨Î´µ£µ ¸¶¥±É·  ¢ t-J-³µ¤¥²¨ ¨ µ¡Ê¸²µ¢²¥´´µ¥ ¨³ ¶µ´¨¦¥´¨¥ Tc ¶µ
¸· ¢´¥´¨Õ ¸ �‘�. �·¨ ÔÉµ³ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥¥ ¸¶ ·¨¢ ´¨¥ µ¶·¥¤¥²Ö²µ¸Ó ´¥
Éµ²Ó±µ ³£´µ¢¥´´Ò³ µ¡³¥´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ± ± ¢ �‘�-Ê· ¢´¥´¨¨ (2),
´µ µ¡³¥´µ³ ¸¶¨´µ¢Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨, ±µÉµ·Ò¥ ¢µ§´¨± ÕÉ §  ¸Î¥É ±¨´¥³ É¨-
Î¥¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ¶µ ¨´É¥£· ² ³ ¶¥·¥´µ¸  ¢ µ¤´µ°
¶µ¤§µ´¥. �·Ö³µ¥ Î¨¸²¥´´µ¥ ·¥Ï¥´¨¥ ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¤²Ö Ð¥²¨ ¸ ÊÎ¥Éµ³
§ ¶ §¤Ò¢ ´¨Ö ¸¶¨´-Ë²Ê±ÉÊ Í¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ§¢µ²¨²µ µ¶·¥¤¥²¨ÉÓ
É¥³¶¥· ÉÊ·Ê Tc ¨ § ¢¨¸¨³µ¸ÉÓ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨ µÉ Î ¸ÉµÉÒ ¨ ¢µ²´µ-
¢µ£µ ¢¥±Éµ· . �Ò²¨ ¶µ²ÊÎ¥´Ò ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨¥ Tc ¨ ¤µ± § ´  d-¢µ²´µ¢ Ö
¸¨³³¥É·¨Ö ¸¶ ·¨¢ ´¨Ö ¶·¨ ¸É ´¤ ·É´µ³ ¢ ¤ ´´µ° ³µ¤¥²¨ ¸µµÉ´µÏ¥´¨¨ ¶ · -
³¥É·µ¢.

�¤´ ±µ ¢ t-J-³µ¤¥²¨ �”Œ-µ¡³¥´ ¨£· ¥É ·µ²Ó ³£´µ¢¥´´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö, ± ± ¨ ¢ ³µ¤¥²¨ � ·¤¨´ ÄŠÊ¶¥· Ä˜·¨ËË¥·  (�Š˜). “Î¥É ÔËË¥±Éµ¢
§ ¶ §¤Ò¢ ´¨Ö ¢ · ³± Ì ¡µ²¥¥ µ¡Ð¥° É¥µ·¨¨ �²¨ Ï¡¥·£  ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨-
ÉÖ¦¥´¨¥ Ô²¥±É·µ´µ¢, µ¡Ê¸²µ¢²¥´´µ¥ µ¡³¥´µ³ Ëµ´µ´ ³¨, ¤¥°¸É¢Ê¥É ²¨ÏÓ ¢ Ê§-
±µ³ ¸²µ¥ Ô´¥·£¨° ¶µ·Ö¤±  Ô´¥·£¨¨ Ëµ´µ´µ¢ ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨. „²Ö
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¢ÒÖ¸´¥´¨Ö ÔËË¥±Éµ¢ § ¶ §¤Ò¢ ´¨Ö ¢ �”Œ-µ¡³¥´´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨ ´¥µ¡Ìµ-
¤¨³µ · ¸¸³µÉ·¥ÉÓ ¨¸Ìµ¤´ÊÕ ¤¢ÊÌ§µ´´ÊÕ ³µ¤¥²Ó • ¡¡ ·¤  (1). �¡Ð¨¥ Ê· ¢´¥-
´¨Ö ¤²Ö ³ É·¨Î´µ° ËÊ´±Í¨¨ ƒ·¨´  µÉ 4-±µ³¶µ´¥´É´ÒÌ µ¶¥· Éµ·µ¢ • ¡¡ ·¤ 
X̂†

iσ = (X2σ
i X σ̄0

i X σ̄2
i X0σ

i ) ¡Ò²¨ ¢Ò¢¥¤¥´Ò ¢ · ¡µÉ¥ [9],   ·¥Ï¥´¨¥ ¨Ì ¶µ²Ê-
Î¥´µ ¢ [10]. �·¨¢¥¤¥³ §¤¥¸Ó µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨°.

ˆ¸¶µ²Ó§ÊÖ ¶·µ¥±Í¨µ´´ÊÕ É¥Ì´¨±Ê ¢ ³¥Éµ¤¥ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö ËÊ´±-
Í¨° ƒ·¨´ , ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö  ´µ³ ²Ó´ÒÌ ±µ··¥²ÖÍ¨µ´´ÒÌ
ËÊ´±Í¨°, µ¶¨¸Ò¢ ÕÐ¨Ì ÔËË¥±ÉÒ ¸¶ ·¨¢ ´¨Ö ¢ �‘�. � ¸¸³ É·¨¢ Ö ¤²Ö µ¶·¥-
¤¥²¥´´µ¸É¨ ¸²ÊÎ ° ¤Ò·µÎ´µ£µ ²¥£¨·µ¢ ´¨Ö n = 1 + δ > 1, ±µ£¤  Ì¨³¨Î¥¸±¨°
¶µÉ¥´Í¨ ² ²¥¦¨É ¢ ¸¨´£²¥É´µ° ¶µ¤§µ´¥ µ � ∆ ¨ E1 � E2 � −∆, ´ Ìµ-
¤¨³ Ê· ¢´¥´¨¥ ¤²Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨ ¢ ¢¨¤¥ χ2φ

22
ij,σ = −2σt21ij 〈X02

i Nj〉,
£¤¥ µ¶¥· Éµ· Î¨¸²  Î ¸É¨Í Nj =

∑
σ Xσσ

j + 2X22
j . ‡ ¶¨¸Ò¢ Ö §¤¥¸Ó µ¶¥-

· Éµ· Ê´¨ÎÉµ¦¥´¨Ö ¶ ·Ò X02
i ¢ É¥·³¨´ Ì ¸É ´¤ ·É´ÒÌ Ë¥·³¨-µ¶¥· Éµ·µ¢

ciσ = X0σ
i + 2σX σ̄2

i , ³Ò ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ X02
i = X0↓

i X↓2
i = ci↓ci↑,

±µÉµ·µ¥ ¶µ± §Ò¢ ¥É, ÎÉµ ¢ �‘� ¸¶ ·¨¢ ´¨¥ ¶·µ¨¸Ìµ¤¨É ´  µ¤´µ³ Ê§²¥, ´µ ¢
· §´ÒÌ Ì ¡¡ ·¤µ¢¸±¨Ì ¶µ¤§µ´ Ì: 〈X02

i Nj〉 = 〈ci↓ci↑Nj〉. ‚ÒÎ¨¸²¥´¨¥  ´µ-
³ ²Ó´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¸ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ËÊ´±Í¨¨
ƒ·¨´  〈〈X02

i (t)|Nj〉〉 ¶·¨¢µ¤¨É ± Ê· ¢´¥´¨Õ

〈X02
i Nj〉 �

∑
m �=i,σ

2σt12im

∫ +∞

−∞

dω

1 − e−ω/T
×

× 1
π

Im

[
1

ω − E2 + iε
〈〈Xσ2

i X σ̄2
m |Nj〉〉ω+iε

]
. (3)

�·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶µ Î ¸ÉµÉ¥ ω §¤¥¸Ó ³µ¦´µ ¶·¥´¥¡·¥ÎÓ Ô±¸¶µ´¥´Í¨ ²Ó´µ
³ ²Ò³ ¢±² ¤µ³ ¶µ²Õ¸  ¶·¨ Ô´¥·£¨¨ E2 � −∆,   É ±¦¥ ¶·¥´¥¡·¥ÎÓ ÔËË¥±-
É ³¨ § ¶ §¤Ò¢ ´¨Ö, ¶µ² £ Ö ω − E2 � ∆. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö  ´µ³ ²Ó´µ° ±µ·-
·¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¶µ²ÊÎ ¥³ 〈X02

i Nj〉 � −4(t12ij /∆)2σ〈Xσ2
i X σ̄2

j 〉, £¤¥ ³Ò
¢µ¸¶µ²Ó§µ¢ ²¨¸Ó ¤¢ÊxÊ§¥²Ó´Ò³ ¶·¨¡²¨¦¥´¨¥³, ±µÉµ·µ¥ µ¡ÒÎ´µ ¶·¨³¥´Ö¥É¸Ö
¢ t-J-³µ¤¥²¨, ¶µ² £ Ö m = j ¢ ¸Ê³³¥ ¢ (3), ¨ ÊÎ²¨ · ¢¥´¸É¢µ ¤²Ö Ì ¡¡ ·-
¤µ¢¸±¨Ì µ¶¥· Éµ·µ¢ X σ̄2

j Nj = 2X σ̄2
j . ‚ ÔÉ¨Ì ¶·¨¡²¨¦¥´¨ÖÌ ³Ò ¶·¨Ìµ¤¨³

± Ê· ¢´¥´¨Õ ¤²Ö ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥° Ð¥²¨: χ2φ
22
ij,σ = Jij〈Xσ2

i X σ̄2
j 〉, ±µÉµ·µ¥

¸µ¢¶ ¤ ¥É ¸ Ê· ¢´¥´¨¥³ (2) ¤²Ö t-J-³µ¤¥²¨. �´ ²µ£¨Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²ÊÎ -
ÕÉ¸Ö ¨ ¢ ¸²ÊÎ ¥ Ô²¥±É·µ´´µ£µ ²¥£¨·µ¢ ´¨Ö n = 1 + δ < 1, ±µ£¤  Ì¨³¨Î¥¸±¨°
¶µÉ¥´Í¨ ² ²¥¦¨É ¢ µ¤´µ¤Ò·µÎ´µ° ¶µ¤§µ´¥ µ � 0.

�·µ¸É¥°Ï Ö  ´ ²¨É¨Î¥¸± Ö µÍ¥´±  ¤²Ö ³ ±¸¨³ ²Ó´µ° É¥³¶¥· ÉÊ·Ò ¸¶ -
·¨¢ ´¨Ö ¢ Ê· ¢´¥´¨¨ (2) ¤ ¥É § ¢¨¸¨³µ¸ÉÓ É¨¶  �Š˜ [11]: Tc � EF (δ)×
exp (−1/λ), £¤¥ EF (δ) Å Ô´¥·£¨Ö ”¥·³¨ ²¥£¨·µ¢ ´´ÒÌ ´µ¸¨É¥²¥°. Šµ´¸É ´É 
¸¢Ö§¨ λ � JN(δ) § ¢¨¸¨É µÉ ´¥±µÉµ·µ° Ê¸·¥¤´¥´´µ° ¶²µÉ´µ¸É¨ ¤Ò·µÎ´ÒÌ ¸µ-
¸ÉµÖ´¨° N(δ) ¶·¨ ¨Ì ±µ´Í¥´É· Í¨¨ δ.
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‚ ±Ê¶· É Ì, ¢¢¨¤Ê ¡µ²ÓÏµ° Ô´¥·£¨¨ µ¡³¥´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö J �
0,13 Ô‚, ±µ´¸É ´É  ¸¢Ö§¨ ´¥ ¤µ²¦´  ¡ÒÉÓ µÎ¥´Ó ³ ²µ°. �µ² £ Ö, ´ ¶·¨³¥·,
λ � 0,3, ¶µ²ÊÎ¨³ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±ÊÕ É¥³¶¥· ÉÊ·Ê ¸¶ ·¨¢ ´¨Ö Tc � 170 K
§  ¸Î¥É ¡µ²ÓÏµ° Ô²¥±É·µ´´µ° Ô´¥·£¨¨ EF � 0,35 Ô‚. —¨¸²¥´´µ¥ ·¥Ï¥´¨¥
¸ ³µ¸µ£² ¸µ¢ ´´µ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¶·¨ ÊÎ¥É¥ ¸¶¨´-Ë²Ê±ÉÊ Í¨µ´´µ£µ ¸¶ -
·¨¢ ´¨Ö, ¶·µ¢¥¤¥´´µ¥ ¢ [5] ¸ ÊÎ¥Éµ³ ÔËË¥±Éµ¢ § ÉÊÌ ´¨Ö ¢ t-J-³µ¤¥²¨ ¨²¨
¢ [10] ¢ ³µ¤¥²¨ • ¡¡ ·¤  (1), ¶µ¤É¢¥·¦¤ ¥É ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢Ò¸µ±¨Ì Tc ¤²Ö
d-¢µ²´µ¢µ° ¸¨³³¥É·¨¨ ¸¶ ·¨¢ ´¨Ö.

’ ±¨³ µ¡· §µ³, ¶·µ¢¥¤¥´´Ò° · ¸Î¥É ¢ · ³± Ì ¤¢ÊÌ§µ´´µ° ³µ¤¥²¨ • ¡-
¡ ·¤  (1) ¶µ± §Ò¢a¥É, ÎÉµ ¶·¨ ¸¶ ·¨¢ ´¨¨ ¤¢ÊÌ Ô²¥±É·µ´µ¢ (¤Ò·µ±) §  ¸Î¥É
�”Œ-µ¡³¥´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ÔËË¥±ÉÒ § ¶ §¤Ò¢ ´¨Ö ´¥ ¢ ¦´Ò, ¨ ¶µ-
ÔÉµ³Ê ¢ ¸¶ ·¨¢ ´¨¨ ³µ£ÊÉ ÊÎ ¸É¢µ¢ ÉÓ ¢¸¥ Î ¸É¨ÍÒ ¢ ¶·µ¢µ¤ÖÐ¥° ¶µ¤§µ´¥
¢¢¨¤Ê ¡µ²ÓÏµ° ³¥¦§µ´´µ° Ô´¥·£¨¨ ¢ ¸²ÊÎ ¥ ¸¨²Ó´ÒÌ ±µ··¥²ÖÍ¨°: ∆ � |tαβ

ij |.
�Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î ¥É µ¡³¥´´Ò° ³¥Ì ´¨§³ ¸¶ ·¨¢ ´¨Ö
µÉ ¸É ´¤ ·É´ÒÌ ¡µ§µ´´ÒÌ ³¥Ì ´¨§³µ¢, ¶·¨ ±µÉµ·ÒÌ ¸¶ ·¨¢ ´¨¥ µ£· ´¨Î¨-
¢ ¥É¸Ö Ê§±µ° µ¡² ¸ÉÓÕ Ô´¥·£¨° ¶µ·Ö¤±  Ô´¥·£¨¨ ¡µ§µ´  ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨
”¥·³¨. �µ¸±µ²Ó±Ê �”Œ-µ¡³¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Ö¢²Ö¥É¸Ö Ì · ±É¥·´µ° Î¥·-
Éµ° ³µÉÉ-Ì ¡¡ ·¤µ¢¸±¨Ì ¸¨¸É¥³ ¸ ¸¨²Ó´Ò³¨ Ô²¥±É·µ´´Ò³¨ ±µ··¥²ÖÍ¨Ö³¨ ¨
µÉ¸ÊÉ¸É¢Ê¥É ¢ Ë¥·³¨-¸¨¸É¥³ Ì (¸³. µ¡¸Ê¦¤¥´¨¥ ¢ [12]), ³µ¦´µ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ
¸¶¥Í¨Ë¨Î¥¸±¨° ³¥Ì ´¨§³ ¸¶ ·¨¢ ´¨Ö ¢ ±Ê¶· É Ì µ¡Ê¸²µ¢²¥´ �”Œ-µ¡³¥´µ³
¸  ´µ³ ²Ó´µ ¡µ²ÓÏµ° Ô´¥·£¨¥° ¢§ ¨³µ¤¥°¸É¢¨Ö.
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